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Induced by Right-Sided Hypodermic Microinjection
of Activin into Xenopus Neurula Embryos
Ryuji Toyoizumi,1 Kazue Mogi, and Shigeo Takeuchi
Department of Biological Sciences, Faculty of Science, Kanagawa University,
Tsuchiya 2946, Hiratsuka 259-1293, Japan
In recent years, genes that show left–right (L-R) asymmetric expression patterns have been identified one after another in
vertebrate gastrula–neurula embryos. However, we still have little information about when the irreversible L-R specification
is established in vertebrate embryos. In this report, we show that almost 100% of the embryos develop to be L-R-inverted
larvae after microinjection of activin molecules into the right lateral hypodermic space of Xenopus neurula embryos. After
ight-side injection of 10–250 pg activin protein, both early neurulae just after gastrulation movement (stage 13–14) and late
eurulae just before neural tube closure (stage 17–18) showed almost 100% reversal of the heart and gut L-R axes. At higher
oses of activin, more than 90% of the L-R-inverted embryos showed L-R reversal of both heart and gut. The survival ratio
f the right-injected 4-day embryos was 90% on average. In the left-injected embryos, the occurrence of L-R inversion was
ess than 2% as observed in normal untreated siblings (1.7%). When the same amount of activin (1–50 pg) was microinjected
nto both sides of neurula embryos, the incidence of L-R inversion was reduced to 58%. The injection of activin along the
orsal midline in the trunk region also randomized the visceral L-R axis. Injection of activin into the right side changed
ormal left-handed expression of Xnr-1 to right-handed or bilateral expression. In contrast, left-handed expression of Pitx2
as switched to the right side by right activin injection. This is the first report of a method that achieves complete inversion
f the visceral L-R axis by treatment of embryos at the neurula stage. Activin not only acts on the neurulae to cancel the
riginal L-R specification up to the late neurula stage, but also rebuilds a new L-R axis whose left side coincides with the
njection side. It is suggested that the left and right halves of neurulae have equal potential for L-R differentiation.
© 2000 Academic Press
Key Words: Xenopus neurula embryo; activin; left–right asymmetry; hypodermic microinjection; Xnr-1, Pitx2.t
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Vertebrate neurula embryos display distinct morphologi-
cal polarity along the dorsoventral axis and anteroposterior
axis, and some genes are expressed unilaterally on one side
of the bilateral neurula embryo (Levin et al., 1995; Robert-
son, 1997; Wood, 1997; Levin, 1998; Ramsdell and Yost,
1998). Previous experimental manipulations of neurulae
have shown that the left–right (L-R) axis of neurula embryos
can be randomized in up to half of treated embryos, but no
more than half (Woellwarth, 1950; Takaya, 1951; Fujinaga
and Baden, 1991; Fujinaga et al., 1994; Danos and Yost,
996; Isaac et al., 1997; Fujinaga, 1997).
1 To whom correspondence should be addressed at the Depart-
ent of Biological Sciences, Kanagawa University, Tsuchiya 2946,
iratsuka 259-1293, Japan. Fax: 181-463-58-9684. E-mail:
oyosun@info.kanagawa-u.ac.jp.0012-1606/00 $35.00
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All rights of reproduction in any form reserved.Here we introduce a technique that reverses completely
he orientation of the neurula L-R axis in almost all the
anipulated embryos. The technique should enable us to
ccess the more critical signaling pathways for L-R specifi-
ation in neurulae.
Activin, one of the TGF-b superfamily of signaling pep-
ides, is a candidate for the endogenous morphogenetic
ignal of L-R asymmetry in various classes of vertebrate
mbryo. In chick embryos, mRNAs for the activin bB
ubunit and the activin type IIa receptor are expressed
symmetrically on the right side of the primitive streak
Stern et al., 1995; Levin et al., 1995, 1997). In activin type
Ib receptor null mice, alternations of the L-R patterning of
any internal organs has been reported (Oh and Li, 1998).
evin et al. (1995, 1997) reported that inversion of the L-R
xis occurred at a frequency of 50% in primitive-streak-
tage chick embryos when the left side of the node was321
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322 Toyoizumi, Mogi, and Takeuchitreated with activin-coated beads. Microinjection of activin
mRNA or the mRNA for the truncated activin receptor into
Xenopus cleavage-stage embryos also caused randomization
of the L-R orientation of visceral organs in up to 50% of the
injected embryos (Hyatt et al., 1996; Hyatt and Yost, 1998).
These studies revealed that activin signaling is involved in
the early steps of L-R specification of vertebrate embryos.
Now we should investigate the role of activin in neurula
embryos which possess a bilateral structure and probably a
different L-R potential for future L-R asymmetric morpho-
genesis. In order to evaluate the critical stage of action of
activin in the L-R specification of amphibian embryos and
the competent period of activin signaling in L-R specifica-
tion, we microinjected activin protein into neurula–tailbud-
stage Xenopus embryos.
Unexpectedly, we discovered that right-sided microinjec-
tion of activin molecules into the hypodermic space of
Xenopus neurula embryos resulted in 100% inversion of the
visceral L-R axis. In the treated embryos, the laterality of
the expression patterns of left-tissue-specific genes, Xnr-1
and Pitx2, was dramatically changed. Our finding suggests
that the predetermined L-R orientation can still be com-
pletely respecified even at the late neurula stage by the
asymmetrical administration of activin.
MATERIALS AND METHODS
Xenopus Eggs and Microinjection
We reared individual frogs separately and mated a female and a
male in one aquarium after the injection of gonadotropin (500–600
units for the female and 150–300 units for the male). Each batch of
fertilized eggs obtained from one couple was checked for the
incidence of spontaneous inversion of the L-R axis. Throughout
this process, we avoided using certain females that spawned
malformed eggs frequently.
Fertilized Xenopus eggs were cultured at 15–18°C before micro-
njection. Recombinant bovine activin A protein [Innogenetics Co.
Belgium), Lot. R-8679. or Genzyme Co. (Canada), Lot. 122782] was
issolved in an aqueous solution of 1% BSA [bovine serum albumin
raction V; Sigma (U.S.A.)] at a concentration of 0–2 or 10 mg/ml.
hen the activin solution was mixed with 10% Nile blue vital dye
Wako Co. (Japan)] solution at a ratio of 10:1. Using an electric
icroinjector (Drummond Co.; “Nanoject”), 5 or 25 nl (nl 5 1029
liter) of the solution was microinjected into stage 13–24 embryos.
Their developmental stages were identified according to the nor-
mal developmental table of Nieuwkoop and Faber (1967). In order
to administer activin molecules to the intact left/right lateral plate
esoderm (LPM), we conducted hypodermic injections of the
ctivin solution into the interspace between the lateral epidermis
nd the LPM on the left, the right, or both sides of the embryos (Fig.
). For this purpose, the injection needle was inserted at a very low
ngle into the most lateral surface of the embryo. Injection points
ere fixed on the center of the lateral view of the embryo at every
tage.
When the injection succeeded, a spot of vital dye was clearly
isible at the injection site. In a few experiments, the 1% Nile
lue–activin mixture was replaced by a 1% Janus green–activin
ixture. However, the same effects on the L-R axis specification
ere observed. We continued to use Nile blue because its greaterCopyright © 2000 by Academic Press. All rightvisibility facilitated checking of the injection spots. All the micro-
injections were applied to dechorionized neurula–tailbud-stage
embryos in a Terasaki plastic plate [Sumitomo Bakelite Co. (Japan)]
filled with sterile 10% Steinberg’s solution.
After microinjection, the embryos were reared separately at
18–24°C in the wells of a 24-well test plate [Iwaki Glass Co.
(Japan)] containing 10% Steinberg’s solution with or without 0.1%
BSA. When the embryos reached stage 41–42 (early 4-day embryos),
the situs of the heart and the gut were scored according to the
criteria described previously (Toyoizumi et al., 1997). For precise
judgments, the laterality of the ventral pancreas was also checked
when the gut situs was scored. We rarely obtained embryos
exhibiting isomerism of asymmetric internal organs (bilateral
abnormality of asymmetric organs), but when we did, they were
classified as abnormal. Morphological defects along the dorsoven-
tral and anteroposterior axes were also scored according to the
“DAI” (dorsoanterior index) defined by Kao and Elinson (1988). At
this stage, the position of the Nile blue spot was also verified and
the side with the spot was recorded. Part of the activin-injected
embryos were reared in pond water for more than 1 month. Some
of the activin-injected larvae were embedded in paraffin, sectioned
at 7- to 10-mm thickness, and stained with hematoxylin–eosin for
histological observation.
For comparison, various growth factors other than activin A
were also microinjected into either side (left or right) of stage 13–18
neurulae. The growth factors were hepatocyte growth factor (HGF;
5 nl of a 10 mg/ml solution), leukemia inhibitory factor (LIF; 5 nl of
a 10 mg/ml solution), midkine (5 nl of a 5 mg/ml solution), and nerve
growth factor (NGF; 5 nl of a 5 mg/ml solution). A mixture of
ctivin and follistatin (an activin-binding molecule which de-
reases or diminishes activin signal transduction by interfering
ith the conjugation of activin to the receptors via activin–
ollistatin coupling) was also microinjected at two concentrations
ith activin:follistatin ratios of 0.2:4 and 2:40 mg/ml. We used
recombinant human follistatin protein (a gift from Dr. Yuzuru Eto).
In pulse exposure experiments of neurula embryos to activin and
other growth factor solutions, 1 ml solution of activin (0.2–2.5
mg/ml) or one of the other growth factors (dissolved in 10%
Steinberg’s saline containing 0.1% BSA) was deposited in an organ
culture dish [Falcon 3037; Becton–Dickinson Co. (USA)]. Then
stage 13–20 neurula embryos were cultured in the solution at
18–26°C for 4–6 h. After washing, embryos were cultured indi-
vidually in 24-well test plates until they reached stage 41–43, the
stage at which the asymmetrical morphogenesis of the viscera
appears.
In Situ Hybridization
Embryos were fixed with 0.1 M MOPS (pH 7.4 with NaOH)
containing 2 mM EGTA, 1 mM MgSO4 and 4% formaldehyde
ccording to the information provided in the Web site named
MMR (URL http://vize222.zo.utexas.edu/). Then the embryos
ere processed for whole-mount in situ hybridization using the
ntisense RNA probe for Xnr-1 (Xenopus nodal-related 1), and that
or Xenopus Pitx2, according to the protocol of Richard Harland
1991) with slight modifications. The cDNA of Xnr-1 was a gift
rom Dr. Randall Moon (University of Washington), and the cDNA
f Pitx2 was a gift from Dr. Juan Carlos Izpisu´a Belmonte (The Salk
nstitute). Xnr-1 mRNA is known to be expressed asymmetrically
n the left LPM (Lowe et al., 1996) at stage 19–26 (late neurula–
idtailbud stage). Pitx2 mRNA is first detected in the left LPM at
tage 24 and later in the left side of organs in the middle of L-Rs of reproduction in any form reserved.
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323100% Inversion of Xenopus Neurula Left–Right Axisasymmetric morphogenesis (Ryan et al., 1998; Campione et al.,
1999).
RESULTS
Pulse Exposure of Neurulae to Activin Solution
Induced L-R Inversion
To disorder the presumed one-sided activin-related sig-
naling pathway, we exposed dechorionized early to midneu-
rula embryos to saline containing 0.2–2.5 mg/ml activin for
4–6 h. As a result, we found that reversal of the L-R axis
occurred in up to 24% of the treated embryos (n 5 133,
Table 1). The incidence of activin-induced L-R reversal was
statistically significant at the 1% significance level using
the 2 3 2 contingency table test (x 5 21.82). Probably,
activin penetrated into the embryo through the blastopore
or later through the neurenteric canal connected to the gut
cavity. As we conducted pulse exposure only during the
neurula stage, L-R specification in Xenopus neurulae must
be sensitive to the disorder in activin-related signaling
pathway. Other growth factors (follistatin, n 5 44; NGF,
n 5 92; FGF-2, n 5 43) did not induce significant reversal
f the visceral L-R axis (Table1).
Complete Reversal of the L-R Axis Induced by
Right-Sided Microinjection of Activin
To further investigate the effects of bathing neurulae in
activin-containing saline, we injected activin molecules
unilaterally into one side of Xenopus neurula embryos to
examine the influence of asymmetrical administration of
activin on the Xenopus neurula L-R axis (Fig. 1). As little as
or 25 nl of activin solution (at concentrations up to 10
mg/ml) was carefully injected into the subepidermal space
covering the left or right LPM (Fig. 1A, n 5 1440).
The results were clear and drastic (Fig. 2, Table 2). With
ight-sided injection, both early neurulae just after gastru-
ation movement (stage 13–14) and late neurulae just before
eural tube closure (stage 17–18) showed 100% to nearly
00% reversal of the visceral L-R axis with 10–250 pg of
ctivin (n 5 701/758). With higher doses of activin ($10
g), more than 90% of the L-R-inverted embryos showed
-R reversal of both the heart and the gut (Fig. 3). The dose
f activin required to elicit the L-R reversal of both heart
nd gut varied depending on the stage of embryonic devel-
pment (details not shown).
When we injected activin into stage 19–22 embryos that
ad completed neural tube closure, the incidence of L-R
nversion decreased to 22–41% (n 5 273). Thus, the L-R
xis seems to become more rigidly established after closure
f the neural tube. In the embryos after stage 19, the relative
atio of embryos with homotaxic L-R reversal of both heart
nd gut to those with heterotaxia decreased within the
-R-inverted embryos (Fig. 3). We could not induce signifi-
ant L-R inversion in stage 23–24 embryos by activin
njection, and almost all the stage 23–24 embryos developed
ormally with normal situs (1%; n 5 1/96).Copyright © 2000 by Academic Press. All rightWhen low doses of activin (0.001–0.5 pg) were microin-
ected into the right side of stage 13–14 embryos (n 5 350),
both the incidence of partial inversion of the visceral L-R
axis (heterotaxia) and the incidence of situs inversus totalis
(Table 3) were reduced. The threshold dose that caused L-R
reversal of the viscera in more than 80% of the embryos was
1 pg per embryo.
Overall, the activin-injected embryos developed nor-
mally, and the external features of the embryos were always
quite symmetrical. The dorsoanterior index of the L-R-
TABLE 1
Pulse Exposure of Neurula Embryos to 10% Steinberg’s Solution
Containing One of the Growth Factors
(a) Activin
Dose (mg/ml)
Neurula stage
13–16 17–18
2.5 16 —
4/25 —
0.6 12 —
6/51 —
0.4 24 —
5/21 —
0.2 18 16
3/17 3/19
0 1 —
2/162 —
(b) Follistatin
Dose (mg/ml)
Neurula stage
13–14 15–16
0.6 0 4
0/20 1/24
(c) NGF
Dose (mg/ml)
Neurula stage
Neural tube
stage
15–16 17–18 19–20
1–10 0 0 0
0/16 0/28 0/48
d) FGF-2
Dose (mg/ml)
Neurula stage
14–15
0.5 0
0/43
Note. The top number is %, the bottom number is inverted/
survived. The corresponding numbers for untreated, normal sib-
lings are 0.5% and 1/201. The L-R axis of the embryos was altered
by activin solution. The incidence was significant, though it was
low (P , 0.01 by 2 3 2 contingency table test).s of reproduction in any form reserved.
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324 Toyoizumi, Mogi, and TakeuchiFIG. 1. Procedure for the hypodermic injection of activin into Xenopus neurula embryos. (A) Schematic illustration of the experimental
procedures. In order not to wound the lateral plate mesoderm and to administer activin effectively, the hypodermic injection was carried
out by inserting the capillary at a low angle toward the center of the lateral side. The tip of the capillary was thrust into the space beneath
the epidermis covering the lateral plate mesoderm, and then the solution was injected. (B) Photograph of a hypodermic microinjection of
activin into the right side of a stage 17 embryo. Activin A mixed with 1% Nile blue (vital dye) was microinjected into the lateral
hypodermic space of Xenopus neurula embryos at a dose of 0–250 pg. Scale bar, 1 mm.
FIG. 2. Mirror-image reversal of the visceral organs induced by the hypodermic injection of activin into the right side of a neurula embryo.
Left, a stage 42 embryo with normal situs after left-side injection of activin (5 nl of 2 mg/ml, i.e., 10 pg) at stage 15. Right, a stage 42 embryo
ith inverted heart and gut situs after right-side injection of activin (5 nl of 2 mg/ml, i.e., 10 pg) at stage 15. Note that the blue spots and
itus of the whole organs make mirror images of each other. Scale bar, 1 mm.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
325100% Inversion of Xenopus Neurula Left–Right AxisFIG. 3. Stage-dependent change of the incidence of both heart and gut L-R reversal, heart-alone L-R reversal, and gut-alone L-R reversal,
by the injection of 10–250 pg of activin. The height of each bar represents the total incidence of the three types of L-R reversal, meaning
that at least one of the two organs was inverted. In stage 13–18 embryos, from 80 to 90% of the L-R-inverted embryos were classified as
“L-R reversal of both heart and gut.” In the embryos after stage 18, it became difficult to invert the L-R axis completely, and the relative
incidence of heterotaxia increased, compared with that of both heart and gut reversal.
FIG. 4. Long-term cultivation of activin-injected embryos. (A) A larva with L-R-inverted heart looping and gut coiling that was reared for 3
weeks after right injection of activin (10 pg) at the midneurula stage (stage 15–16). (B) Magnified view of the thoracic region of the embryo in (A).
The shape of the asymmetric heart and the distribution pattern of the neighboring blood vessels are normal except for laterality. (C)
Metamorphosis of L-R-inverted larvae produced by right-side injection of 10 pg activin at stage 15–16. Some of the activin-induced L-R-inverted
embryos were reared up to the stage of metamorphosis. Like this larva, activin-injected embryos underwent the normal metamorphic process.
Limb formation was quite symmetrical with normal morphology. (D) A cross section of a L-R-inverted 4-day embryo after right injection of
activin (10 pg, at stage 15–16). Shapes of the organs are quite symmetrical except for the visceral organs. Abbreviations: e, esophagus; g, gill
chamber; i, intestine; l, liver; n, notochord; p, pancreas; t, trachea. Scale bars, 1 mm (A–C) or 100 mm (D).Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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326 Toyoizumi, Mogi, and Takeuchiinverted embryos was 5 in more than 95% of the injected
embryos (Fig. 2). The survival ratio of the right-injected
4-day embryos was 90% (1127 of 1247 right-injected em-
bryos; Table 2). Among the embryos raised for long periods,
nearly 80% of them were still alive after 1 week (78%; 56 of
72 reared), and more than half of them survived for 3 weeks
(57%; 41 of the 72). The morphology of the larval heart and
other transparent structures appeared normal (Fig. 4). These
results suggest that only the orientation of the L-R axis was
altered and that the L-R inversion did not interfere with the
normal tissue morphogenesis of the visceral organs. Sur-
vival curves of left-injected embryos and right-injected
embryos were nearly the same (data not shown). We reared
three activin-induced L-R-inverted embryos up to the stage
of metamorphosis, and the appearance of their limbs and
digits was symmetrical and normal (Fig. 4C).
Left-Sided Injection and Dorsal/Ventral Injection
In the left-injected embryos, the occurrence of L-R inver-
sion was less than 1% (n 5 313; Table 2), which is similar
to that of normal untreated siblings (1.7%; n 5 17/987).
Left-injected embryos seemed to reach the stage of asym-
metric morphogenesis as fast as untreated siblings. This
was in contrast to right-injected embryos, which developed
more slowly, although it was difficult to assess the phe-
nomenon quantitatively.
TABLE 2
Stage-Dependent Occurrence of L-R Reversal of Viscera Caused by
(a) Right
Dose (pg)
Neurula stage
13–14 15–16
250 95 96
18/19 22/23
50 100 96
49/49 96/100
10 96 90
112/116 149/166
(b) Left
Dose (pg)
Neurula stage
13–14 15–16
250 4 5
1/26 1/21
50 0 0
0/32 0/45
10 2 0
1/45 0/71
Note. Top number, %; bottom number, inverted/survived. At al
nverted situs of visceral organs after the injection of 10–250 pg of
tages 41–42. The incidence of L-R reversal was reduced by injecti
xis after the injection of activin. The survival ratio of injected 4-da
ther hand, left-sided injection to the neurula embryos did not ca
mbryos was 1.7% (n 5 17/987).Copyright © 2000 by Academic Press. All rightTo further pursue the left–right difference in the sensi-
tivity of embryos to activin administration, we conducted
injections toward the dorsal midline and the ventral mid-
line. In the case of dorsal injection, the incidence of L-R
inversion was 19–55% [38% (n 5 96/ 256) on average;
Table 4). Ventral injection induced less frequent L-R rever-
sal than dorsal injection (0–31%; Table 4). Taken together,
midline injections were less effective than right-sided in-
jection.
Double-Side Injection
When the same dose of activin (1–50 pg) was microin-
jected into both sides of neurula embryos, the incidence of
L-R inversion ranged between 39 and 74% [58% (n 5
155/ 269) on average; Table 5). Thus, left-injected activin
seems to counteract or randomize the 100% L-R reversal of
the visceral axis caused by right-injected activin, although
left-injected activin alone did not induce alternation of the
L-R axis (P , 0.001 with 2 3 2 contingency table test).
Based on these results, some kind of left side dominance of
activin-related signal transduction between the two flanks
appears to be required for the realization of the normal L-R
orientation.
t-Injected or Left-Injected Activin
Tailbud stage
–18 19–20 21–22 23–24
3 27 25 0
/76 6/22 6/24 0/16
5 37 25 3
/111 17/46 5/20 1/32
0 41 22 0
/98 40/97 14/64 0/48
8
0
9
4
rula stages (stages 13–18), more than 90% of the embryos showed
in into the right side. Situs of the heart and the gut was scored at
t stage 19 or later. Stage 23–24 embryos rarely inverted their L-R
bryos was 90% on average (1127 embryos of 1247 injected). On the
ignificant L-R inversion. The incidence of L-R reversal in siblingRigh
17
9
71
9
106
8
78
17–1
0
0/2
0
0/2
0
0/2
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327100% Inversion of Xenopus Neurula Left–Right AxisInhibition Experiments Using Follistatin and the
Effects of Other Growth Factors
Follistatin, an activin-binding molecule, inhibits activin-
induced signal transduction by interfering with the cou-
pling between activin and its receptor (Sugino et al., 1997;
atel, 1998; Phillips and de Kretser, 1998). It was reported
hat follistatin mRNA is first expressed at the gastrula
tage, when the expression of zygotic activin mRNA be-
omes detectable, and increases thereafter in Xenopus em-
ryos (Tashiro et al., 1991). Microinjection of a mixture of
n effective dose of activin and a saturating amount of
ollistatin (1 pg 1 20 pg or 10 pg 1 200 pg) into the right side
f the neurulae inhibited the reversal of the L-R orientation
7%; n 5 6 of 90 stage 13–14 embryos; Table 6).
The success of inhibition experiments using follistatin
emonstrates that activin has inverted the L-R axis via an
ctivin receptor-mediated signaling pathway. In activin
ype IIb receptor-null mutant mice or in mice that were
TABLE 3
Dose-Dependent Occurrence of Left–Right Reversal by
Right-Sided Injection of Activin
Dose
(pg)
Stage 13–14 (neurula stage)
Total incidence
(a1b)
Situs inversus
totalisa Heterotaxiab
250 95 79 16
18/19 15/19 3/19
50 100 80 20
49/49 39/49 10/49
10 96 80 16
112/116 93/116 19/116
2 85 55 30
28/33 18/33 10/33
1 84 60 24
46/55 33/55 13/55
0.5 38 19 19
10/26 5/26 5/26
0.1 27 10 17
34/126 13/126 21/126
0.01 0 0 0
0/133 0/133 0/133
0.001 0 0 0
0/65 0/65 0/65
0 4 2 2
2/42 1/42 1/42
Note. Top number, %; bottom number, inverted/survived. With
10–250 pg of activin, more than 95% and up to 100% of the
embryos showed L-R reversal of visceral laterality. With 0.1–2 pg of
activin, the percentage of the embryos with inverted viscera
decreased, and the ratio of the embryos with inverted situs of both
heart and gut was also reduced. With less than 0.1 pg of activin, no
significant left–right inversion was observed. At low doses of
activin, the incidence of heterotaxia exceeded that of homotaxic
L-R reversal of both heart and gut, though the total incidence of L-R
inversion was low. The survival ratio of these injected 4-day
embryos was 89% (n 5 708/794).Copyright © 2000 by Academic Press. All rightrans-heterozygous for both Smad2 (intracellular activin
ignal transducer) and nodal mutations, alternations in the
-R patterning of many visceral organs have been reported
TABLE 4
The Incidence of L-R Inversion after the Injection of Activin
along the Midline
(a) Dorsal
Dose (pg)
Neurula stage
13–14 15–16 17–18
50 40 55 29
19/47 22/40 6/21
5 19 47 37
11/57 21/45 17/46
(b) Ventral
Dose (pg)
Neurula stage
13–14 15–16 17–18
50 15 19 31
6/40 10/53 14/45
5 0 13 0
0/82 8/64 0/82
Note. Top number, %; bottom number, inverted/survived. Injection
f activin along the dorsal midline caused a reversal of L-R axis in up
o 55% of cases. Injection along the ventral midline also caused L-R
eversal in up to 31% of cases. The incidence of L-R reversal by the
ight injection of 5 pg activin at the early neurula stage was 92% (n 5
4/48). Compared with the results in Table 2, this table indicates that
he right flank region is more sensitive to the effect of injected activin
han the dorsal axial structures or the most ventral region.TABLE 5
The Incidence of L-R Inversion after Double-Side Injection
Dose (pg)
Neurula stage
13–14 15–16 17–18
50 74 68 60
23/31 13/19 15/25
10 56 59 49
28/50 20/34 17/35
1 68 39 57
13/19 13/33 13/23
Note. Top number, %; bottom number, inverted/survived. Mi-
croinjection of the same amount of activin into both sides of
neurula embryos was performed at doses of 1–50 pg. The ratio of
L-R inversion ranged from 39 to 74% (58% on the average).
Statistical tests (2 3 2 contingency table test) revealed that the
incidence of L-R reversal caused by the double-side injection was
lower than that caused by the right-side injection at the 0.1%
significance level. As shown in Table 2, left-injected activin alone
did not alter the L-R axis of neurula embryos. However, when both
sides of the embryos were injected, left-injected activin attenuated
the L-R reversal caused by right-injected activin.s of reproduction in any form reserved.
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328 Toyoizumi, Mogi, and TakeuchiFIG. 5. Left-handed expression of Xnr-1 and Xenopus Pitx2 are altered by the hypodermic injection of activin into the right flank. (A) An
ntreated embryo. Normal expression of Xnr-1 in the left LPM is observed (lateral view). (B) A case of bilateral expression of Xnr-1 in both
PMs induced by right injection of 10 pg activin (dorsal view). (C) Left expression of Pitx2 after left injection of 10 pg activin at stage 15–16.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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329100% Inversion of Xenopus Neurula Left–Right AxisFIG. 7. Switch of the expression side of Pitx2 after right hypodermic injection of activin. 10 pg of activin protein was injected at stage
15–16, and the embryos were fixed and stained at stage 26–30. (A) Left-sided expression of Pitx2 after the left injection. (B) Left-sided
expression of Pitx2 after the right injection. (C) Right-sided expression of Pitx2 after the right injection. (D) Bilateral expression of Pitx2 after
the right injection. In left-injected embryos, Pitx2 expression was restricted to the left LPM (A), whereas in right-injected embryos 69% of
the embryos showed right-sided expression of Pitx2 (C). All the presented embryos are viewed from the ventral side. Scale bar, 1 mm.
FIG. 8. Ectopic expression of Xnr-1 in the midneurula LPM (stage 15) after hypodermic injection of activin into the right side of early neurula
embryos (stage 13). Note that Xnr-1 was ectopically induced around the scratch of the injection point (arrow), showing that activin can induce
Xnr-1 long before the onset of its normal expression on the left side at stage 19. In case of right activin injection at the early neurula, 22 of 35
midneurula embryos (63%) were observed to show ectopic Xnr-1 expression. A, anterior side; P, posterior side. Scale bar, 1 mm.(D) Bilateral expression of Pitx2 after right injection of 10 pg of activin at stage 15–16. (E) A cross section of a tailbud-stage embryo showing
ilateral expression of Xnr-1 after the right injection. (F) A section of a tailbud-stage embryo showing bilateral expression of Pitx2 after the
right injection. Scale bars, 1 mm (A–D), 100 mm (E, F).
IG. 6. Xnr-1 expression pattern in Xenopus embryos after activin injection into the hypodermic space of the right flanks. 10 pg of activin
rotein was injected at stage 15–16, and the embryos were fixed and stained at stage 23–26. (A) Left-sided expression of Xnr-1 after the right
njection. (B) Right-sided expression of Xnr-1 after the right injection. (C) Bilateral expression of Xnr-1 after the right injection. In the
ight-injected embryos, right-sided expression (B) or bilateral expression (C) in the LPMs was most frequently observed. Laterality of Xnr-1
xpression seemed to be randomized by right injection of activin. Scale bar, 1 mm.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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330 Toyoizumi, Mogi, and Takeuchi(Oh and Li, 1997; Nomura and Li, 1998). Taken together
with these reports, the follistatin inhibition experiments
imply that the activin-related signaling pathway is involved
in the induction of L-R inversion by the right-side injection
of activin.
As far as we investigated, follistatin alone (10–500 pg,
n 5 134), LIF (50 pg, n 5 119), HGF (50 pg, n 5 139),
midkine (25 pg, n 5 117), or NGF (25 pg, n 5 163) had
little or no effect on the L-R axis of neurulae (Tables 6 and
7).
Right-Sided Injection of Activin Affected the
Laterality of both Xnr-1 and Pitx2 Expression
In Xenopus laevis embryos, two left–right asymmetri-
cally expressed genes have been identified. One is Xenopus
nodal related-1 (Xnr-1), and the other is Pitx2. Both genes
are expressed in the left LPM at the tailbud stage, but not in
the right LPM. Probably, Xenopus Pitx2 is induced by the
preceding handed expression of Xnr-1 (Ryan et al., 1998;
Campione et al., 1999). We investigated whether activin
injection could influence the expression patterns of these
mRNAs using whole-mount in situ hybridization.
When 10 pg of activin was injected in the left flank of
embryos at stage 15–16, the incidence of left–right inver-
sion was 0% (0/71; Table 2). For in situ hybridization,
embryos that were injected with activin at stage 15–16 were
TABLE 6
Effect of Follistatin on Activin-Induced L-R Reversal
of the Viscera
(a) Right, Activin Only vs Activin 1 Follistatin (1:20),
Stage 13–14
Activin
Follistatin
Free 320
10 pg 96 0
100/104 0/27
1 pg 89 10
32/36 6/63
(b) Follistatin, Stage 13–14
Right Left
500 pg 0 0
0/13 0/21
50 pg 0 0
0/43 0/24
10 pg 0 0
0/21 0/12
Note. Top number, %; bottom number, inverted/survived. When
a mixture of activin and follistatin (doses of activin and follistatin
1 1 20 pg or 10 1 200 pg) was injected in the right side of the early
eurulae, the incidence of inverted viscera dramatically decreased.
ollistatin alone did not cause significant L-R reversal when
njected on either side.Copyright © 2000 by Academic Press. All rightfixed at stage 23–26 and then processed for probing and
staining. As a result, 76% of the embryos were Xnr-1
positive in the left LPM (n 5 19/ 25). The remaining 24%
of the embryos were not stained in both LPMs. The staining
pattern of Xnr-1 in the left-injected embryos appeared to be
the same as that of untreated embryos. That is, left injec-
tion of activin could not alter the L-R orientation of the
viscera and laterality of the handed expression of Xnr-1.
In contrast, when 10 pg of activin was injected in the
right flank of the embryos, again at stage 15–16, the original
left LPM-specific Xnr-1 expression became disordered (Figs.
5 and 6). As shown previously (Table 2), injection in this
condition caused L-R reversal in 90% of the injected larvae.
After the right-side injection, samples were fixed at stage
23–26 and processed for in situ hybridization. Among 69
right-injected embryos, 43% (n 5 30/69) of the embryos
showed reversed right expression of Xnr-1, 35% (n 5
24/69) showed bilateral expression, and 16% (n 5 11/69)
TABLE 7
Slight Effect of Various Growth Factors on the Xenopus Neurula
L-R Axis
(a) LIF, 50 pg
Stage: 13–14 15–16
Right 6 5
2/35 1/20
Left 0 4
0/36 1/28
(b) Midkine, 25 pg
Stage: 13–14 15–16
Right 0 4
0/35 1/24
Left 0 4
0/35 1/23
(c) HGF, 50 pg
Stage: 13–14 15–16
Right 0 5
0/24 1/20
Left 9 16
5/58 6/37
(d) NGF, 25 pg
Stage: 13–14 15–16 17–18
Right 0 0 3
0/30 0/24 1/36
Left 5 0 0
1/22 0/25 0/26
Note. Top number, %; bottom number, inverted/survived. None
of the listed growth factors at doses similar to those of activin
caused any significant L-R reversal when injected into one side of
neurula embryos. These growth factors seem to have little or no
effect on the L-R orientation of Xenopus neurula embryos.s of reproduction in any form reserved.
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331100% Inversion of Xenopus Neurula Left–Right Axisshowed the original left expression (Fig. 6). Only a small
part of the samples (6%) showed no expression in either
LPM.
Among the 24 samples (35%) that showed bilateral Xnr-1
expression, 13 embryos (19%) showed a right-dominant
pattern (R . L), 3 embryos (4%) showed a left-dominant
pattern (L . R), and the remaining 8 embryos (12%) were
equally stained in both LPMs (L 5 R). In summary, 62%
(43% 1 19%) of the embryos displayed right-specific or
right-dominant staining patterns, while 20% (16% 1 4%) of
the embryos still maintained the original or left-dominant
staining patterns.
In some embryos showing bilateral Xnr-1 expression, the
right LPM displayed more extensive staining in the anterior
region than the left LPM. The injection of activin at later
stage 17 (late neurula) induced right-alone expression of
Xnr-1 in more than half of stage 18–20 embryos (12 of 17
cases). Right-injected activin may have induced Xnr-1 on
the right side at the timing earlier than that of the normal
left-sided expression of Xnr-1. Several activin-injected
samples were embedded in paraffin and sectioned to check
the LPM-specific expression of Xnr-1 (Fig. 5E). Disorder of
the laterality of Xnr-1 expression must have affected the
L-R specification of the injected embryos.
Next, we investigated the expression pattern of Pitx2
mRNA in the activin-injected embryos. In the case of the
left-side activin injection (10 pg, at stage 15–16), all the
embryos showed normal left-sided expression of Pitx2
(100%; n 5 23/ 23). When 10 pg of activin was injected into
the right flank of stage 15–16 embryos, the laterality of
Pitx2 expression was drastically switched from the left
LPM to the right LPM (Figs. 5 and 7).
Among 51 right-injected embryos, 69% (n 5 35/51) of
the embryos showed reversed right expression of Pitx2,
18% (n 5 9/51) showed bilateral expression, and 12% (n 5
6/51) showed the original left expression (Fig. 7). Among
the 9 samples (18%) that showed bilateral Pitx2 expression,
4 embryos (8%) showed a right-dominant pattern (R . L), 1
embryo (2%) showed a left-dominant pattern (L . R), and
the remaining 4 embryos (8%) were equally stained in both
LPMs (L 5 R). Expression of Pitx2 was significantly con-
fined to the right flank compared with that of Xnr-1 (P ,
0.01; x 5 7.47). Probably, after right activin injection,
ctopic expression of Pitx2 was induced in the right LPM,
hereas the original left LPM-specific expression of Pitx2
as suppressed. The right-sided expression of Pitx2 induced
y activin should cause the occurrence of situs inversus
otalis. Right-sided expression of Pitx2 was a major expres-
ion pattern of right-injected embryos and, coincidentally,
-R reversal of both heart and gut was also a major charac-
eristic of the inverted embryos (Fig. 3). In our activin
njection experiments, isomerism of the heart tube or
iscera was rarely observed. Bilateral expression of Pitx2
ay trigger randomization of the visceral L-R axis and
ause heterotaxia. Histological sections of Pitx2-stained
amples were checked to confirm bilateral or handed ex-
ression of Pitx2 in LPM(s) (Fig. 5F).Copyright © 2000 by Academic Press. All rightActivin Can Induce Xnr-1 Expression in the LPMs
of Midneurula Embryo
Xnr-1 expression is regarded to be a causal factor in
left–right axis determination (Sampath et al., 1997). It has
een reported that Xnr-1 is never expressed at the early–
idneurula stage (Lowe et al., 1996; Lustig et al., 1996;
ampath et al., 1997), so we think Xnr-1 does not contribute
o L-R signaling during this period. Candidates for an
ndogenous L-R signaling molecule in the early–
idneurula embryos should be expressed at this stage and,
ogether, should have the potential to induce Xnr-1 in LPM.
n order to examine whether activin can induce Xnr-1
xpression around the injection site before the onset of
ormal Xnr-1 expression, we injected activin at stage 13
early neurula) and fixed the embryo at stage 15 (midneu-
ula) for in situ hybridization.
Interestingly, Xnr-1 was induced at the injection site long
efore the onset of normal Xnr-1 expression on the left side
Fig. 8). A round staining pattern was observed after left or
ight injection, indicating that both LPMs of midneurula
mbryos have the potential to express Xnr-1. These results
roved that activin can induce Xnr-1 expression in the
PMs in situ, suggesting that activin might function as an
nr-1 inducer rather than as a molecule that mimics the
ormal role of Xnr-1. The small ectopic Xnr-1 expression
ould spread over the whole LPM on the same side.
DISCUSSION
This report introduces a method for attaining more than
95% inversion of visceral L-R axis by manipulating wild-
type neurula embryos. Our results revealed that the L-R
orientation can still be completely respecified at the late
neurula stage by the asymmetrical administration of ac-
tivin. This was unanticipated, as many genes were recently
revealed to be expressed L-R asymmetrically in neurula–
somite-stage embryos. Many of them start to be expressed
specifically on the left side (nodal, lefty-1, lefty-2, Pitx2) or
right side (snail, FGF-8) of the LPM from the presomite or
somite stage (Lowe et al., 1996; Lustig et al., 1996; Meno et
l., 1996, 1998; Isaac et al., 1997; Logan et al., 1998; Piedra,
1998; Ryan et al., 1998; Yoshioka et al., 1998; Boett-
ger,1999; Campione et al., 1999). The asymmetric expres-
sion patterns of these genes imply that L-R asymmetric
differentiation must be in progress in neurulae. Our results,
however, demonstrate that L-R specification at the neurula
stage is not permanent, but reversible. Both left identity and
right identity are not yet fixed irreversibly in neurula
embryos, and the immature L-R specification may become
stable only after the expression of a series of one-sided
genes.
One-Sided Application of Activin Alters the L-R
Balance of Activin Signaling
Activin is known to be a potent mesoderm inducer for the
ectodermal tissue (animal cap) of X. laevis blastulae (Al-s of reproduction in any form reserved.
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332 Toyoizumi, Mogi, and Takeuchibano et al., 1990; Asashima et al., 1990a,b, 1991; Smith et
al., 1990; van den Eijnden-Van Raaij et al., 1990; Sokol et
l., 1990). In a dose-dependent manner, activin can induce
arious types of mesodermal tissues in animal cap explants
ncluding the dorsal axial mesoderm [Green et al., 1990;
riizumi et al., 1991; Green et al., 1992; see Fukui and
Asashima, 1994, for review].
One possible explanation for the present L-R reversal is
that the L-R axis orientation in neurula embryos is con-
trolled by some kind of L-R gradient of activin-related
signal transduction. If this suggestion is correct, the endog-
enous concentration gradient of activin-like molecules may
have been inverted by the right-sided application of activin,
causing the observed L-R reversal. Results of double-sided
and dorsal-midline injection, both of which elicited ran-
domization of the L-R axis, can be easily explained by this
idea (Tables 4 and 5). However, this idea cannot easily
explain the results of the left-sided injection of follistatin
(Table 6). Also, bathing of neurula embryos in follistatin
solution did not cause alternation of the L-R axis, either. If
the slope of the concentration gradient of activin simply
determined the L-R polarity in normal embryos, ectopically
applied follistatin should have inverted the L-R axis by
absorbing activin on the left side. Contrary to this predic-
tion, however, follistatin did not invert the visceral L-R axis
(Table 6). One hint to explain the negative effect of follista-
tin may lie in the binding activity of follistatin for the BMP
(bone morphogenetic proteins)–BMP receptor complex (Ie-
mura et al., 1998). Recently, it was found that BMP is
involved in the L-R specification of vertebrates (Chen et al.,
1997; Rodriguez-Esteban et al., 1999; Schilling et al., 1999;
Yokouchi et al., 1999; Zhu et al., 1999). We suppose that
complicated interactions among activin, follistatin, BMP,
and other factors such as Caronte (a recently identified
BMP-binding protein expressed in the left flank of chick
somite stage embryos) may have attenuated the effect of
follistatin.
We used recombinant human follistatin protein in our
inhibition experiments. Human follistatin may not have
inhibited the action of Xenopus activin, even though it
clearly inhibited the mammalian (bovine) activin that we
used in our injection experiments. In Xenopus neurula
embryos, activin mRNAs are known to be distributed in a
variety of tissues including those derived from the dorsal
axial mesoderm. Thus, local administration of human fol-
listatin might not have downregulated the action of endog-
enous Xenopus activin at the key spot for L-R specification.
In chick embryos, mRNAs for the activin bB subunit and
the activin type IIa receptor are expressed asymmetrically
on the right side of the primitive streak (Stern et al., 1995;
evin et al., 1995, 1997; Issacs et al., 1996; Levin, 1997).
owever, there has been no report about the asymmetric
xpression of the mRNAs for activin subunits or activin
eceptors in Xenopus embryos. In Xenopus embryos, the
ctivin bB subunit mRNA is transcribed from the late
blastula stage, and the activin bA mRNA from the late
astrula stage (Thomsen et al., 1990). In neurulae, theCopyright © 2000 by Academic Press. All rightmRNAs are widely distributed in the brain anlage, anterior
notochord, somatic mesoderm, archenteron roof, and proc-
todeum (Thomsen et al., 1990; Dohrmann et al., 1993). But
the L-R asymmetric expression of activin and its receptors
is not known in Xenopus embryos (Kondo et al., 1991, 1996;
Hemmati-Brivanlou et al., 1992; Mathews et al., 1992;
ishimatsu et al.,1992). Thus, it will be necessary to
nvestigate the detailed distribution pattern of activin sub-
nits, activin receptors, and activin-binding proteins such
s follistatin, in order to explain the L-R specification in
enopus neurulae by the L-R gradient of activin-related
ignaling.
An urgent issue in need of resolution is whether right-
dministered activin directly inverts the organ situs
hrough the activin-specific pathway or whether the in-
ected activin mimics the action of an endogenous, L-R
symmetrically distributed TGF-b-related signaling protein
on the left side, such as nodal. In fact, both activin and
nodal signals are known to be transduced to the nuclei
through a common Smad-2 protein (Nomura and Li, 1998;
Lagna and Hemmati-Brivanlou, 1999). In favor of such a
“mimic theory,” Sampath et al. (1997) reported that right-
side injection of plasmids expressing Xnr-1 resulted in L-R
inversion of viscera in 50–60% of cases.
However, long before the developmental stage of normal
left Xnr-1 expression (stage 19 and thereafter), the incidence
of L-R reversal by activin injection had already reached
100% (Table 2, Fig. 3). Thus, the possibility that activin
mimicked endogenous Xnr-1 action is low. The results in
Fig. 8 proved that activin really induced Xnr-1 at a stage
earlier than that of its normal asymmetric expression. This
evidence demonstrates that activin can induce Xnr-1 in
situ, suggesting that activin is a candidate for the endoge-
nous ligand for L-R signaling upstream of Xnr-1. Injected
activin may reverse organ situs via secondary induced
Xnr-1.
In any case, the injected activin probably targeted the
right LPM, and then, the right LPM transmitted the infor-
mation about the reversal of the L-R axis to all of the
visceral organs to realize situs inversus totalis. After the
activin injection, it seems likely that the right LPM func-
tioned as a new organizing center of L-R asymmetric
visceral morphogenesis.
The Nile blue dye as a lineage tracer injected along with
activin indicated that the cells at the injection point devel-
oped to occupy the lateral side of the anterior gut at stage
42, the period during which the gut begins to curve (Fig. 2).
It is worth pointing out that, though the presumptive heart
region was far from the injection point, heart situs was
always inverted by the injection of activin at an optimum
dose. Thus, we suppose that information on L-R reversal
was propagated from the center of the LPM (i.e., the
injection point) toward the periphery of the LPM in a region
adjacent to the heart primordium. If we assume such
“homeogenetic” signal transduction during the process of
L-R specification, we can easily understand why a locals of reproduction in any form reserved.
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design of the viscera.
Effect of Right-Sided Activin Microinjection on L-R
Signaling Cascades in Xenopus Embryos
Xnr-1 and Xenopus Pitx2 are known to be expressed in
he left lateral plate mesoderm in late Xenopus embryos
Lowe et al., 1996; Sampath et al. 1997; Ryan et al., 1998;
ampione et al., 1999). Because of their conserved left-side
xpression in many vertebrate species, nodal and Pitx2 are
onsidered to be important signaling molecules for the
pecification of the L-R molecular cascade.
Left-sided expression of Xnr-1 first appears in the left
PM at stage 19 (late neurula), and its expression continues
p until the tailbud stage (Lowe et al., 1996). During this
eriod, the expression of Xnr-1 shifts from the posterior
orsal region to the ventral region. The Xnr-1 gene encodes
secretory signal peptide that has been classified as a
ember of the TGF-b superfamily. Misexpression of Xnr-1
in Xenopus neurula embryos induces homotaxic L-R rever-
al of both heart and gut in 40% of the survived embryos
Sampath et al., 1997). Xnr-1 is induced by activin in the
organizer region and in turn induces dorsal mesodermal
markers (Jones et al., 1995).
Pitx2 is a bicoid-related homeobox transcription factor.
Pitx2 expression in the left LPM starts at stage 24. The
region of Pitx2 expression temporarily overlaps with that of
Xnr-1 expression, which occurs earlier. In early larval stage,
Pitx2 expression is observed on the left half of the heart
tube and on the left side of the coiling gut (Ryan et al., 1998;
Campione et al., 1999). Misexpression of Pitx2 in the right
LPM causes left isomerism, and therefore it is suggested
that Pitx2 determines left character of the embryo. Enforced
expression of Xnr-1 in the right flank under the control of
the cytomegalovirus promoter induced bilateral expression
of Pitx2 in 57% of the treated embryos (Ryan et al., 1998).
On the other hand, misexpression of Pitx2 did not affect
normal Xnr-1 expression. From these results, Pitx2 is re-
garded to be a downstream target of Xnr-1.
Ryan et al. (1998) reported that implantation of the beads
coated with soluble dominant negative form of the activin
type II receptor around Hensen’s node in chick embryos
induced nodal and Pitx2 bilaterally in both LPMs and
caused reversal or isomerism of heart looping. Based on
these results, an activin-related signaling pathway was
suggested to exist upstream of both Xnr-1 and Pitx2.
In our experiments, the influences of activin on the
expression patterns of these genes depended on the injec-
tion site. In the case of left-side injection, laterality of the
expression patterns of both genes was not altered. In the
case of right injection, ectopic expression of Xnr-1 in the
right LPM was observed in 78% (43% 1 35%) of the treated
embryos and ectopic expression of Pitx2 in the right LPM in
87% (69% 1 18%) of the treated embryos (Figs. 5, 6, and 7).
It is noteworthy that Xnr-1 and Pitx2 displayed different
patterns of altered expression. As for Xnr-1, the original
expression of Xnr-1 on the left side remained (bilateralCopyright © 2000 by Academic Press. All rightexpression) in 35% of the embryos. In contrast, left-side
expression of Pitx2 diminished in 69% of the embryos (i.e.,
right-only expression), and only 18% of the embryos
showed bilateral expression. Situs inversus totalis probably
resulted from the major expression pattern of Pitx2 on the
right side. The above difference in the expression patterns
of Xnr-1 and Pitx2 may reflect the fact that these factors are
induced at different stages of development.
Campione et al. (1999) reported that activin strongly
induces Pitx2 in animal cap assay system. Activin also
induces Xnr-1 in animal cap explants (Jones et al., 1995;
Campione et al., 1999), and so activin may induce Pitx2
indirectly via secondary induced Xnr-1. Results of hetero-
chronic rapid induction of Xnr-1 at the site of activin
injection in midneurula (stage 15) embryos (Fig. 8) partly
support this idea. For the embryos at stage 21–22, the stage
several hours after the onset of left-sided Xnr-1 expression,
activin significantly (22–25%) induced L-R reversal of the
organs. This surprisingly late effect of activin on L-R
signaling system may be explained by the fact that activin
and Xnr-1 possibly share some common receptors and Smad
signal transducing systems.
Possible Mechanism for the 100% L-R Inversion
How does activin invert the L-R orientation completely?
If right-injected activin simply changed the characteristics
of the right LPM to those of the left LPM, without influ-
encing the left LPM, this would lead to competition for
left-side identity between the original left tissue and the
left-characterized right tissue. This situation would lead
inevitably to randomization of the L-R axis or isomerism of
the visceral organs. The right side-specific expression of
Pitx2 after right injection of activin (Fig. 7) suggests that
some kind of inhibitory signal was transmitted from the
activin-injected right tissues to the left tissues across the
midline. Possibly dorsal axial structures may have medi-
ated the inhibitory signal, because ventral injections
slightly inverted the L-R axis. By introducing the notion of
communication between left and right tissues, it is possible
to explain the occurrence of 100% L-R reversal and the
great reduction in Xnr-1 and Pitx2 expression on the left
ide by right activin injection.
When Pitx2 mRNA was injected into Xenopus two-cell-
tage embryos, heterotaxic reversals were most frequently
bserved (Ryan et al., 1998). Bilateral Pitx2 expression was
he major expression pattern following activin injection
nto dorsal-right blastomeres (Campione et al., 1999). In
ontrast to these previous results, we found that the pre-
ominant expression was right-sided expression of Pitx2
nd that the most frequent phenotype was L-R reversal of
oth heart and gut (likely situs inversus totalis) in our
xperiments. We expect that left–right communication
etween the two LPMs, such as lateral inhibition, occurs in
eurula embryos. Probably, this decides the unique L-R
xis. The left–right communication that ensures the unique
-R axis in the whole embryo may still be immature in
leavage-stage embryos.s of reproduction in any form reserved.
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334 Toyoizumi, Mogi, and TakeuchiHyatt and Yost (1998) reported that when Vg-1 mRNA
(more precisely, AVg-1 or BVg-1 chimeric mRNAs) was
injected into the rightmost blastomeres of 16-cell stage
embryos, up to 89% of the embryos displayed L-R reversal
of the cardiac L-R axis. Among members of the TGF-b
superfamily, Vg-1 is expected to be an endogenous ligand
that regulates the pregastrular and/or gastrular L-R axis.
Vg-1 mRNA is maternally accumulated in Xenopus eggs
nd Vg-1 is no longer transcribed at the neurula stage
Tannahill and Melton, 1989), so we hesitate to hypothesize
hat Vg-1 acts as L-R operator at the neurula stage. Thus, a
ember of the TGF-b superfamily other than Vg-1, prob-
ably activin or an activin-like molecule, might regulate the
L-R axis orientation in neurulae. Vg-1 may devolve its role
as a master molecule regulating L-R specification upon the
expression of another member(s) of the TGF-b superfamily
n Xenopus neurula embryos.
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